Objective: Hemodynamics related to eccentric blood flow may factor into the development of bicuspid aortic valve aortopathy. We investigated wall shear stress distribution by means of magnetic resonance imaging-based computational fluid dynamics in patients with a bicuspid aortic valve.
See Editorial Commentary page S63.
The bicuspid aortic valve (BAV) is one of the most common congenital cardiac defects, affecting 1% to 2% of the general population. 1 Dilatation of the ascending aorta develops in 50% of patients with BAV. 2, 3 The pathogenesis of this BAV aortopathy is complex, and both genetic and hemodynamic factors have been implicated. Aside from intrinsic vulnerability, the cells and connective tissue in the aortic wall are exposed to eccentric flow jets created by the abnormal valve anatomy. Asymmetric histopathologic changes in patients with BAV with a nondilated ascending aorta support the notion that hemodynamics play an essential role. 4 We believe that a method by which analysis of high-quality imaging data can be achieved is important for precise, reliable, patient-specific evaluation of abnormal hemodynamics.
Phase-contrast magnetic resonance imaging (PC-MRI) can be used to measure flow velocity accurately and noninvasively. Two-dimensional (2D) cine PC-MRI, which emerged in the late 1980s, permits measurement of blood flow velocity in a designated cross-section of the heart and great vessels at various time points in the cardiac cycle. Time-resolved PC-MRI with velocity encoding of all 3 flow directions and 3-dimensional (3D) anatomic scanning, termed ''4-dimensional (4D) flow magnetic resonance imaging (MRI),'' has been proven to visualize the 3D flow pattern and hemodynamic forces that act on the aortic wall. [5] [6] [7] [8] [9] Four-dimensional flow MRI allows assessment of aortic flow and wall shear stress (WSS), both of which have been implicated in aortic enlargement. [6] [7] [8] Computational fluid dynamics (CFD) has emerged as a useful tool for clinical assessment of hemodynamics. [10] [11] [12] Although CFD requires some computational modeling, 13 it provides detailed flow information that surpasses that of traditional imaging modalities such as Doppler echocardiography and MRI.
WSS has gained attention as a local hemodynamic factor that plays a role in vascular events. WSS (or t w ) is defined as follows:
where m is the dynamic viscosity, u is the flow velocity vector, and n is the normal velocity vector near the wall.
vu vn wall is the wall shear rate. In quantifying WSS on the basis of 4D flow MRI and CFD data, which are discrete rather than continuous values, it is usually assumed that flow velocity varies linearly with distance from the wall. Under this assumption, the shear rate is calculated by dividing a tangential component of velocity by the distance between the wall and the nearest grid point where the velocity data are derived. The difference between 4D flow MRI and CFD is illustrated in Figure E1 . When 4D flow MRI is used, the vessel is embedded in the Cartesian grids. Accordingly, the distance between the vessel wall where the WSS is to be assessed and the nearest grid point where the velocity is measured varies from place to place. This may result in biased estimates of the WSS. For CFD, however, grid points can be adjusted on demand. Boundaryfitted grids with prism layer meshing allow for equidistant allocation of all grid points used to assess the wall shear rate, that is, all grid points will be of equal distance from the vessel wall. This results in precise assessment of the WSS over the entire vessel wall. CFD has been used to evaluate the hemodynamics of aortic coarctation associated with BAV.
14 One of the keys to successfully reproducing patient hemodynamics is specifying the flow boundary conditions in the computational flow domain. Traditionally, CFD has been implemented with generalized flow boundary conditions taken from a clinical database. However, because flow conditions vary from patient to patient, use of generalized flow conditions results in unrealistic magnitude and distribution of the WSS. 15 More accurate hemodynamics simulation can be achieved with the use of patient-specific flow conditions obtained by means of 2D cine PC-MRI. We conducted a retrospective study in which we tested the feasibility of patient-specific CFD for investigation of individual hemodynamics in patients with BAV. We also compared our findings with those reported previously from 4D flow MRI studies.
MATERIALS AND METHODS Study Patients
The study involved 2 groups of patients. One group comprised 12 patients with BAV who, between October 2014 and January 2016, had undergone elective aortic valve surgery with or without proximal aortic arch replacement for aortic stenosis (n ¼ 11) or root enlargement (n ¼ 1) at Saitama Medical Center, Jichi Medical University (Saitama, Japan) (n ¼ 11), or Jichi Medical 
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Classification of Valve Configuration and Bicuspid Aortopathy
The morphology of each patient's aortic valve had been carefully assessed preoperatively by means of echocardiography and was confirmed intraoperatively. Cusp configuration type was determined on the basis of the classification system of Sievers and Schmidtke. 16 The BAV aortopathy was classified according to the types proposed by Fazel and colleagues 17 and Kang and colleagues 18 : type 0, normal aorta; type 1, aortic root dilatation; type 2, aortic enlargement involving the tubular portion of the ascending aorta; and type 3, diffuse involvement of both the entire ascending aorta and the transverse aortic arch. Dilation of the aortic segment (aortic root, tubular portion of the ascending aorta, and aortic arch) was diagnosed if the segment diameter was greater than 40 mm. The aortopathy pattern was determined on the basis of gated, thin-slice computed tomography (CT) imaging data and 3D reconstruction of the aortic root, tubular ascending aorta, and aortic arch. 19 
Computer Simulation of Blood Flow
The procedural steps performed for computerized patient-specific simulation of blood flow are diagrammed in Figure 1 . The 3D geometry of the aorta was reconstructed from preoperative CT angiography data. Contrast CT angiography was performed with an Aquilion (Toshiba Medical Systems, Otawara, Japan) or SOMATOM Definition Flash (Siemens, Munich, Germany) scanner. Spatial resolution was 0.65 3 0.65 3 0.5 mm. Geometric reconstruction was implemented with commercially available imaging software, AMIRA (ver. 5.4.2, Maxnet, Tokyo, Japan), and the surface was smoothed with a commercially available digital sculpting program, 3D-Coat (ver. 4.1.17d, Pilgway, Kiev, Ukraine). A virtual bicuspid valve orifice was created with computer-aided design software, Creo Parametric (PTC, Needham, Mass) and applied at the level of the sinotubular junction. For each patient, orientation of the bicuspid valve and shape of the orifice were determined echocardiographically and intraoperatively. In most patients, the aortic valve was severely calcified and thus did not open and close or change in shape during the cardiac cycle.
Flow rates at various time points in the cardiac cycle were measured at the sinotubular junction, supra-aortic branches, and descending aorta in each patient by means of 2D cine PC-MRI. MRI was performed on a 3.0-T Vantage Titan (Toshiba Medical Systems) or Magnetom Skyra (Siemens) system. Standard clinical MRI settings were used: repetition time, 33 (43) ms; echo time, 5.4 to 6.0 (2.5) ms; velocity encoding range, 300 (500) cm/s; flip angle, 30 (30) ; slice thickness, 5 (10) mm; matrix, 192 3 192 (256 3 256); and field of view 32 3 24 (30 3 30) cm. All measurements were made on breath-hold images obtained after maximum expiration. The R wave on electrocardiogram was used to trigger the MRI acquisition. The flow rate at each time point was calculated by integration of axial velocities within a manually chosen vessel lumen of interest. Although the flow rates at all inlets and outlets of the aorta were measured, the continuity equation was not well satisfied in some patients because of measurement errors. In such cases, flow rates were estimated on the basis of physiology, and the rest were interpolated from the reliable data according to the conservation of mass principle. A moving average was used to smooth the flow rate data, and a cubic spine was used for interpolation because the time points used for flow simulation were closer together than the time points reflected in the MRI data set. Flow rate curves obtained in 1 case (patient 11) are shown in Figure E2 . Similar curves were plotted for all patients and used for the simulations. Computational meshes were generated with SCRYU ver. 12 (Software Cradle Co, Tokyo, Japan), which is thermo-fluid simulation software used for CFD analysis. Five layers of a prism mesh were created near the vessel wall, and the remaining geometry was filled with tetrahedral meshes. Special care was taken in meshing the bicuspid valve orifice, where the passageway is extremely narrow. The total number of meshes was approximately 1 million.
Blood was treated as an incompressible Newtonian fluid with a density of 1.06 3 
À4
. Boundaries for the measured and interpolated flow rates were the aortic branches and the ascending aorta. A no-slip condition was applied at the wall, with the vessel wall assumed to be rigid. A zero pressure condition was imposed at the end of the descending aorta. The flow simulation was carried out over 4 cardiac cycles to obtain cyclically repeatable flow patterns.
Simulations to test what-if scenarios also were performed. First, tricuspid aortic stenosis and the resulting hemodynamics were simulated in the control group patients. Severe stenosis was modeled as a circular orifice that covers one third of the aortic annulus area. The virtual orifice was created with computer-aided design software and applied at the level of the sinotubular junction. Second, hemodynamics after valve replacement were simulated under 2 possible BAV conditions: that of aortic dilatation in a patient (patient 10) given a large biological valve with no flow resistance and that of no aortic dilatation in a patient (patient 11) given a biological valve, after which mild postoperative aortic stenosis developed. In the large valve replacement scenario, the BAV was removed and the aortic valve was considered fully open. In the second scenario, mild postoperative aortic stenosis was modeled by creation of a virtual circular orifice that covered two thirds of the aortic annulus area and was applied at the level of the sinotubular junction. The simulation conditions, including the boundary conditions, in these scenarios were the same as the original simulations in each patient.
Statistical Analyses
All values are expressed as mean AE standard deviation. Between-group differences were analyzed by chi-square, Fisher exact, unpaired t, or Mann-Whitney U test, as appropriate. The maximum WSS and percentage of increased WSS distribution were compared between the 2 control conditions (normal tricuspid valve with nondilated ascending aorta and simulated tricuspid stenosis with nondilated ascending aorta) and the BAV condition. Bonferroni correction was used for multiple comparisons with increased WSS defined as greater than 5 Pa. Correlation between maximum WSS with unadjusted/adjusted aortic diameter and age was assessed in the BAV group by Spearman's rank correlation coefficient. SPSS Statistics version 23.0 (IBM Corporation, Armonk, NY) was used for all analyses. FIGURE 2. Anatomic information. For each patient, anatomic information, including valve morphology and aortopathy, was recorded. Cusp configuration was described according to the classification system of Sievers and Schmidtke. 16 BAV aortopathy phenotype was expressed according to the clustering system advocated by Fazel and colleagues 17 and Kang and colleagues 18 : type 0, normal aorta; type 1, aortic root dilation; type 2, aortic enlargement involving the tubular portion of the ascending aorta; and type 3, diffuse involvement of both the entire ascending aorta and the transverse aortic arch. AS, Aortic stenosis; AI, aortic insufficiency; lat, lateral; ap, anterior-posterior; AVA, aortic valve area; NA, not applicable; L, left coronary sinus; R, right coronary sinus; N, noncoronary sinus.
RESULTS

Patient Characteristics
Patients' clinical characteristics and measures of the severity of aortic disease are shown per group in Table  E1 . There was no between-group difference in age, sex, weight, or body surface area. Aortic insufficiency was mild (n ¼ 2) or moderate (n ¼ 1) in 25% of the patients with BAV. There was no between-group difference in left ventricular diastolic and systolic dimensions or left ventricular ejection fraction. The 3 patients with TAV were significantly taller than those with BAV. Mild aortic stenosis was present in only 1 of the 12 patients with BAV (patient 5); the mean pressure gradient was 4.5 mm Hg, and root dilation was observed. Although there were no significant between-group differences in absolute aortic diameter at each aortic segment, the aortic diameter indexed to body surface area at the transverse arch was significantly greater (P ¼ .036) in those with BAV than in those with TAV. The diameter of the mid-tubular ascending aorta tended to be greater in the BAV group than in the control group (P ¼ .15).
Aortic valve fusion types and 3D CT angiography data are shown for the patients with BAV in Figure 2 . Cusp configurations were as follows: type 0 lateral, n ¼ 4; type 0 anterior-posterior, n ¼ 2; type 1 L-R, n ¼ 4; and type 1 R-N, n ¼ 2. BAV aortopathy phenotypes were as follows: type 0, n ¼ 3; type 2, n ¼ 7; and type 3, n ¼ 2. There was no type 1 BAV aortopathy.
Patient-Specific Simulation of Hemodynamics
Representative hemodynamic patterns in a TAV case and BAV case are shown in Figure 3 [BAV]). Spatial distribution of the WSS streamlines at 4 different time points in the cardiac cycle is shown. The streamlines were obtained by computing and plotting the trajectories of fluid elements within the aorta. In the patient with TAV, blood flow in the aorta was mostly laminar during systole, although the flow started to spiral in late systole (Figure 3, A-C) . By the onset of diastole, axial flow had weakened and secondary helical flow dominated the entire aorta (Figure 3, D) . WSS at the aortic trunk was relatively low (<5 Pa) throughout the cardiac cycle. Flow patterns in the patient with BAV varied markedly, especially during systole. Blood flow in the ascending aorta was helical during early systole (Figure 3, E) . As systole progressed, an inflow jet developed as the blood passed through the narrow aortic orifice. At peak systole, the velocity of the jet reached 4 m/s. The jet impinged against the greater curvature of the proximal ascending aorta and split into 2 flows: one traveling upward and rubbing against the greater curvature and the other traveling downward to the aortic valve, creating a recirculation eddy between the jet and the wall (Figure 3, F) . During late systole, the paths of the streamlines in the ascending aorta appeared complex and tortuous (Figure 3, G) . As was the case in the patient with a normal TAV, WSS in the patient with a BAV was relatively low during early systole. However, WSS was extremely high at the greater curvature of the proximal ascending aorta in the vicinity of the jet impingement (Figure 3, F) . Progression of systole resulted in expansion of the abnormally large WSS region (Figure 3, G) . During late systole, complex WSS distribution was observed.
Representative images of blood flow during early to mid-systole are shown in Figure 4 . In the patients with TAV, there was no helical flow in the thoracic aorta (Figure 4, A) . Abnormal helical flow was seen in the ascending aorta and transverse arch in all patients in the BAV group, and right-handed helical blood flow was documented in 11 (91%) of these patients (Figure 4, B) . Left-handed helical flow was seen in the remaining patient (patient 1) (Figure 4, C) . Contour plots of WSS at systole (anteroposterior and posteroanterior views) are shown for all patients in Figure 5 . In the BAV cases, WSS was greatest mainly in the greater curvature of the proximal ascending aorta ( Figure 5, C) , but WSS was not increased in the thoracic aorta in any TAV case ( Figure 5, A) . The WSS distribution pattern did not differ significantly in relation to the various valve configurations. Rather, WSS tended to be high in the proximal portion of the ascending aorta when the ascending aorta deviated laterally (in patients 2-5, 8, and 10 vs patients 1 and 11), and WSS was not particularly increased in the ascending aorta in 1 patient with left-handed helical flow (patient 1). The patient with root dilation and mild aortic stenosis (patient 5) also showed increased WSS distribution in the greater curvature of the ascending aorta. CFD simulations of tricuspid aortic stenosis are shown in Figure 5 , B (Video 3). The data showed that tricuspid stenosis also causes increased WSS distribution in the greater curvature of the ascending aorta. Maximum WSS and percentage of increased WSS area in the ascending aorta are shown in Figure 6 . Compared with values in the normal TAV cases, the BAV cases showed significantly increased maximum WSS (P ¼ .012) and increased WSS area (P ¼ .012). Although simulated tricuspid stenosis, in comparison with normal TAV, yielded increased the maximum WSS and WSS distribution, the differences were not significant. Negative correlation was found between maximum WSS and unadjusted/adjusted tubular aortic diameter ( Figure 7 ) and between maximum WSS and age ( Figure E3) .
WSS distributions at peak systole in BAV cases (patients 10 and 11) before and after valve replacement are shown in Figure E4 . WSS decreased even after implantation of a 
DISCUSSION
Widespread availability of powerful computers together with efficient pre-and postprocessing facilities has allowed the use of CFD in cardiovascular research. [10] [11] [12] 20, 21 Combined use of CFD and imaging modalities allows for patient-specific simulation of hemodynamics, and by this, we are able to understand the pathogenesis of vascular abnormalities in individual patients. In the present study, we used CT for geometric reconstruction and PC-MRI for acquisition of the flow boundary conditions. The BAV orifice was modeled with the use of computeraided design software. The simulated flow patterns, in particular, the helical flow that developed, agreed with reported in vivo MRI-based observations in both normal 22 and BAV cases, 7 confirming successful characterization of the aortic flow by our CFD method. We also showed increased WSS in the greater curvature of the ascending aorta of patients with tricuspid stenosis. In addition, maximum WSS in the BAV cases was found to correlate negatively with tubular aortic diameter and age. These data suggest that increased WSS may promote aortic dilatation particularly in younger patients with BAV with greater wall impingement.
Four-dimensional flow MRI is well established for the analysis of cardiovascular circulation hemodynamics. Involvement of hemodynamic factors in the development of BAV aortopathy has been suggested by the results of the pioneering 4D flow MRI-based research. [5] [6] [7] [8] [9] A more time-efficient semiautomated 4D flow MRI analysis system was recently described by Schnell and colleagues. 23 The major findings reported from 4D flow MRI studies include (1) abnormal, eccentric flow and asymmetrically elevated WSS in the ascending aorta in patients with BAV 5-8 ; (2) abnormal, right-handed helical flow in the ascending aorta in these patients 7 ; and (3) the cusp morphology that seems to influence the flow jet pattern, [6] [7] [8] complex WSS distribution in the ascending aorta, [6] [7] [8] and specific types of aortic dilatation. 7, 8 We confirmed the abnormal, eccentric flow and the asymmetrically elevated WSS in the ascending aorta and abnormal right-handed flow. Ninetyone percent of our BAV cases had right-handed helical flow, which was in keeping with the finding reported by Bissell and colleagues 7 . 7 Regarding the relation between cusp morphology and the flow jet pattern, Barker and colleagues 6 reported that an eccentric outflow jet results in increased WSS at the right-anterior wall in patients with R-L fusion-type BAV and at the right-posterior wall in patients with R-N fusion-type BAV. Furthermore, Mahadevia and colleagues 8 reported dilatation of the aortic root only (type 1) or dilatation involving the entire ascending aorta and arch (type 3) in the majority of the R-N fusion-type BAV cases (87%) but was generally absent in the patients with R-L fusion-type BAV (type 2, 87%), and differences in aortopathy type between these 2 morphology types were associated with altered flow displacement in the proximal and mid-ascending aorta. 8 Three of our 4 patients with R-L fusion-type BAV had an area of increased WSS in the right anterior wall, and 1 of the 2 patients with R-N fusiontype BAV had increased WSS in the right posterior wall. Further investigation into the relation between valve morphology and hemodynamic abnormalities is needed, ideally in a large-scale study. Despite recently improved outcomes, 24 aortic dissection remains a serious cardiovascular emergency, and the mortality rate is high. BAV is known to predispose patients to aortic dissection, with the likelihood of dissection onset increasing as the aortic enlargement progresses. The prevalence of ascending aorta dilation and the rate of progression are greater in patients with BAV than in patients with TAV with a dilated ascending aorta. Accordingly, these patients face an increased risk of dissection and at a younger age. 3 Etz and colleagues 25 reported pathologic characteristics of acute type A aortic dissection complicated with BAV. Compared with TAV cases, BAV cases tend to be young (46.7 vs 61.6 years, P <.001) and entry is more often in the aortic root (31.3% vs 6.3%, P <.001).
25 Eight of our 12 BAV cases (patients 2-5, 7, 8, 10, and 12) had remarkably increased WSS predominantly in the greater curvature comprising the proximal to mid-portion of the ascending aorta. This finding may explain why entry in the proximal portion of the aorta is seen more often in patients with BAV than in other patients. Barker and colleagues 6 described the fusion type-specific wall/jet impingement and the resulting abnormal WSS distribution in BAV cases. 6 As shown in Figure 3 , WSS is high in the area surrounding the wall/jet impingement area. Our CFD simulation clearly demonstrated a wall/jet impingement area and increased WSS in the surrounding area.
Previous 4D flow MRI studies have shown areas of elevated WSS in the nondilated or mildly dilated ascending aorta in healthy individuals with a functionally normal BAV 9 and in pediatric and young adult patients with BAV. 26 Our 3 patients with no aortopathy (patients 1, 9, and 11) had an area of increased WSS in the ascending aorta. It remains controversial whether a threshold exists for prophylactic resection of the ascending aorta in patients with BAV undergoing aortic valve surgery. Few studies have reported the predissection diameter of the ascending aorta in patients with BAV. The recent American College of Cardiology/American Heart Association guideline recommends 45 mm as a Class IIa threshold for replacement of the ascending aorta in patients with BAV undergoing aortic valve replacement. 27 Aggressive resection even at a smaller diameter could be considered on the basis of a patient's risk, CT imaging data, and patient-specific hemodynamic analysis when this becomes clinically available. One of the key findings of our study is that patients with BAV with a laterally deviated proximal ascending aorta were more likely to have high WSS. Thus, BAV cases with a laterally deviated ascending aorta should be carefully followed up even if valve impairment is only mild or moderate. Although our simulation data showed that valve replacement may decrease WSS in patients with BAV, the velocity profile and flow type of the aortic inflow are influenced by the shape of the orifice of the implanted valve. Further investigation is needed to assess postoperative flow dynamics. 
Study Limitations
Our study limitations include its size. The small number of BAV cases prevented quantitative comparisons of hemodynamic variables between the different cusp morphologies and the different aortic stenosis grades. In addition, the assumptions and approximations made in simulating blood flow could have affected the study results. Compliance of the aortic wall was not modeled, and the assumed rigidity could have resulted in overestimation of the WSS, although investigation based on both rigid wall models and compliant models has shown qualitatively similar distribution of WSS at the aorta during systole. 28 In fact, lower aortic distensibility and greater stiffness have been found in BAV cases than in TAV cases, even after adjustments for aortic size and blood pressure. 29 Inclusion of elasticity requires inclusion of the fluid-structure interaction and the material properties of the blood vessel and residual stress inside the aortic wall. At present, full acquisition of these data is not realistic. BAV orifice models were assumed to keep the same shape and size throughout a cardiac cycle. Because most patients included in our study had severe calcification, the rigid valve approximation can be considered acceptable. Flow in the aorta in the BAV cases was inherently turbulent because of the inflow jet created by the narrow aortic orifice. However, selection of an appropriate turbulence model is challenging because not a single, practical turbulence model can predict all turbulent flows with sufficient accuracy. Further difficulties in choosing turbulence models are posed. Intermittency, pulsatility, and transition between laminar flow and turbulence make simulating aortic flow challenging. Future studies that include larger numbers of patients with severe calcification of the aortic valve are needed to compare hemodynamics between different fusion types and to clarify the pathogenic hemodynamic factors in patients with BAV.
CONCLUSIONS
Patient-specific, CFD-based assessment of hemodynamics is clinically feasible. CFD simulation can be used for precise and detailed evaluation of hemodynamics in individual patients and will facilitate molecular Mean AE standard deviation values or number (and percentage) of patients are shown unless otherwise indicated. BAV, Bicuspid aortic valve; TAV, tricuspid aortic valve; BSA, body surface area; OP, change in pressure gradient; NYHA, New York Heart Association; LVDD/DS, left ventricular dimension diastolic/systolic; LVEF, left ventricular ejection fraction. *Measured at the origin of the brachiocephalic trunk.
